Abstract: Volume resuscitation of patients with high-voltage electrical injuries (>1000 V) is a more complex challenge than standard burn resuscitation. High voltages penetrate deep tissues. These deep injuries are not accounted for in resuscitation formulae dependent on percentage of cutaneous burn. Myonecrosis occurring from direct electrical injury and secondary compartment syndromes can result in rhabdomyolysis, compromising renal function and urine output. Urine output is the primary end point, with a goal of 1 mL/kg/h for adult patients with high-voltage electrical injuries. As such, secondary resuscitation end points of laboratory values, such as lactate, base deficit, hemoglobin, and creatinine, as well as hemodynamic monitoring, such as mean arterial pressure and thermodilution techniques, can become crucial in guiding optimum administration of resuscitation fluids. Mannitol and bicarbonates are available but have limited support in the literature. High-voltage electrical injury patients often develop acute kidney injury requiring dialysis and have increased risks of chronic kidney disease and mortality. Continuous venovenous hemofiltration is a well-supported adjunct to clear the myoglobin load that hemodialysis cannot from circulation.
ELECTRICAL PHYSICS AND PATHOPHYSIOLOGY
The conversion of electrical energy to heat is primarily responsible for resultant tissue damage. 4 Voltage is a significant factor contributing to the degree of tissue damage in electrical burns. 5 Voltage pushes the electric current through the body, and the size of the current (or the quantity of electrons flowing per second) determines the severity and effects of an electric burn. 6 High-voltage electrical burns can cause superficial and deep injury. Superficial injury results from direct thermal burns from arcs or resultant fire, whereas deep injury derives from 1 of 3 mechanisms: resistance generated heat according to Ohm's law, electroporation, and electroconformational protein denaturation. Compartment syndromes and rhabdomyolysis are derivative injuries that increase the magnitude of deep injury. These multiple insults combine to create the distinct pathology of electrical burn injury.
Superficial Cutaneous Injury
Patients with HVEI often suffer from flame burns. The arc created by electrical contact associates with a high-temperature plasma that can be in excess of 35,000°F. This flash can rapidly cause large area, third-degree burns. 7 This arc is additionally capable of igniting the patient's clothing. These cutaneous burn injuries are visible and able to be accounted for in the burn resuscitation.
Deep Tissue Injury
Joule heating is the elevation in temperature of tissues resulting from the passage of the electric current through body conductors, from contact point to contact point. [8] [9] [10] Joule heating is governed by Ohm's law, V = IR. 10 The tissue damage resulting from an electrical injury is proportional to the electrical resistance of a specific tissue. [11] [12] [13] The tissue damage seen in high-voltage electrical burns results from the heat generated along the tissues closest to the bones, because bone has the highest resistance to electric current. [11] [12] [13] Injury severity is inversely proportional to the cross-sectional area through which the current transits, explaining why the greatest damage is usually found at the wrists and ankles. 14 The pronator quadratus is a great marker of deep myonecrosis as it lies at the narrowest part of the distal wrist in close contact with the ulna and radius at the point where there is a gap between the 2 bones. The farther from the point of contact, the less noticeable the rise in dermal temperature, irrespective of the heated structures below the skin. 15 Thus, HVEIs can cause necrosis of deep structures, particularly muscle, from resistive heating to the skeleton that can create deep tissue injuries not reflected by the apparent cutaneous burn. 16 Electroporation, or cell membrane permeabilization, degrades the integrity of cell membranes, producing pores in the cellular membranes allowing charged ions or large molecules passage through the membranes, a direct effect of the electric field of the current passing through the tissues. 9, 15, 17, 18 The resultant influx of calcium ions into the cytoplasm results in cellular necrosis and apoptosis. Tissues with less resistance to current flow, such as blood vessels and nerves, may be more affected by electroporation than by heat. Electroporation can occur in the absence of thermal burn or significant Joule heating. 19 Electroconformational protein denaturation is a more indirect effect of the electric current. It occurs in the presence of a strong electric field when membrane proteins change polarity by altering their conformation to increase their effective dipole strength. 11, 14 After a strong electrical pulse, voltage-gated channel proteins, which are sensitive to transmembrane voltage differences, alter their ion specificities and conductances. 20, 21 Consequently, the membrane proteins lose regulation function. 17, 22 Animal studies have shown that myelinated axons are the most sensitive to electrical shock, and the number of myelinated axons irreversibly damaged is proportional to the applied electrical current. 11, 15 These results illuminate how victims of electrical trauma can suffer from extensive nonhomogeneous nerve and muscular damage through multiple pathways even if little thermal injury is superficially present. 23 
Derivative Complications
The deep intracompartmental injuries associated with electrical injuries can result in an elevated risk of compartment syndromes in electrical injury. 12 Because of increased pressures in an enclosed space, muscles fail to perfuse, eventually resulting in ischemia of the muscles. 24 This tissue ischemia exacerbates the damage caused by resistive heating, electroporation, protein denaturation, and burn shock to enhance myonecrosis.
Myonecrosis is a common complicating factor of the previously mentioned pathologies because deep muscle bellies are often fixed to the skeleton and serve as heat sinks to the resistively heated skeleton. Simultaneously, their perfusion is compromised by compartment syndromes, burn shock, and electroporetically compromised vasculature. The resulting rhabdomyolysis and myoglobinuria are toxic to the kidneys. Renal perfusion may not be preserved with resuscitation based on TBSA. Surgical interventions of decompression and debridement are necessary to prevent ongoing systemic toxicities and progressive injury in deep tissues.
ELECTRICAL INJURY DIAGNOSIS AND EVALUATION
Knowledge of the events of the conduction, the source voltage, and current type are important considerations in management. As in all burn injuries, care must be taken to diagnose coincident trauma, such as falls and blast injuries. In most thermally burned patients, the cutaneous burn surface area is an initial surrogate for estimating the total volume of tissue injury burden as the heat wave progresses from the skin to the deeper structures. In HVEIs, deep tissue damage can be far more extensive than the visible cutaneous burn. 23 The patient's resuscitation must be comprehensively monitored. A low threshold ought to be maintained for decompression, exploration, and debridement.
FLUID RESUSCITATION
Fluid resuscitation is a critical component of care in HVEI patients. Burn shock results from the release of inflammatory mediators that increase the capillary permeability leading to fluid shifts from the intravascular space into the intracellular space and interstitium of the tissues. [25] [26] [27] [28] The resultant hypovolemia and hemoconcentration necessitate fluid administration to halt the chain of events otherwise leading to decreased cardiac output, cardiovascular collapse, end-organ hypoperfusion, vascular ischemia, and death. [29] [30] [31] The goal of burn resuscitation is to maintain sufficient perfusion in tissues and organs to prevent ischemic injury during the acute phase of burn shock. 32, 33 Delays in resuscitation correlate directly with increased morbidity and mortality in burn patients. 34 Burn resuscitation applies to the fluid administered during the first 24 to 48 hours after injury. The Parkland formula is the standard starting point worldwide for adult burn resuscitation. 35, 36 In this protocol, total resuscitation fluid 4 mL ÂTBSA (%) Â body weight (kg), 50% of the total resuscitation fluid is administered over the first 8 hours and the remainder over the following 16 hours. The hours are based on the time at which the injury occurred. For optimal results, fluid should be initiated within 2 hours of burn injury. 34 Burn patient populations requiring additional fluid include those with large burns, electrical injuries, inhalation injuries, secondary injuries, drug or alcohol addictions, and cases of delayed resuscitation. [37] [38] [39] [40] [41] [42] [43] [44] The use of TBSA in the formula to calculate fluid requirements can lead to underresuscitation of an HVEI patient. The cutaneous burn can misrepresent the scope of internal injuries from a high-voltage electrical burn. Children require proportionally greater fluids than do adult burn patients because of their increased surface area to volume ratios; thus, the Galveston formula was developed. 45 This formula is again based on percent surface burn and so might also underresuscitate a child with electrical injuries.
THE OVER/UNDER OF RESUSCITATION
Patients with electrical injuries require greater volumes of fluid administration than do patients with thermal burns. 38 Patients with HVEI can be underresuscitated if fluid is administered solely based on amount of cutaneous burn because TBSA is a potentially inadequate determinant of fluid needs in electrical injuries. 46 Although underresuscitation of a patient can lead to potentially fatal acute kidney injury (AKI) and end-organ damage, overresuscitation can induce compartment syndromes of the abdomen, extremities, and orbit as well as pulmonary or cerebral edema, increased risks of infectious complications, acute respiratory distress syndrome, and anasarca. [46] [47] [48] [49] Improper resuscitation and fluid management may result in conversion of the burn injury to one of greater depth and size. 50, 51 Thus, care must be taken to not institute potentially dangerous fluid loading in an attempt to sufficiently resuscitate a patient. 33, 52 
END POINTS AND EVALUATION OF RESUSCITATION
To ensure proper fluid administration, burn resuscitation should be guided by physiological parameters and end points. The overall goal is to achieve euvolemia and maintain the patient at this euvolemic point. When resuscitation is insufficient, shock occurs, oxygen debt accrues, and end-organ function suffers. Unfortunately, there is no good measure to indicate when euvolemia is achieved, so multiple end points of resuscitation must be monitored to guide euvolemic resuscitation.
The primary end point of resuscitation is urine output (mL/kg/h). 53 Secondary end points are laboratory values such as lactic acid, base deficit, and hemoglobin. 53 These intermittent end points are supplemented by continuous hemodynamic monitors such as mean arterial pressure (MAP) and central venous pressure (CVP). 53 A myopic application of single end point goal-directed resuscitative therapy without use of secondary end point monitoring can be associated with serious overload complication such as abdominal compartment syndrome. 54 For a typical thermal burn, fluid should be given to maintain a urine output of 0.5 mL·kg −1 ·h −1 in adult patients. 55 For electrical injuries, the standard is to double the urine output goal in an effort to ensure clearance of the expected myoglobin load. Current American Burn Association protocols recommend a treatment algorithm of titrating fluids to ensure a urine output ideally of 75 to 100 mL/h or of 1 mL/kg/h in adult electrical burn patients before reducing fluids.
14,55-57 A child who suffered from an HVEI should have an initial urine output end point of 1 to 2 mL/kg/h until the urine is no longer pigmented, at which time urine output can be titrated to 1 mL/kg/h. 58 During resuscitation, one must keep in mind the Ivy Index, which established that the risk of abdominal compartment syndrome increases markedly when the volume administered exceeds 250 mL/kg during the initial 24 hours of burn resuscitation. 59 Titrating to a urine output goal tailors the resuscitation to each patient and achieves adequate end-organ perfusion, but bedside clinical titration can lead to human-derived calculation and input errors. Members of the burn team are unlikely to immediately decrease fluid administration once urine output meets targeted goal, potentially leading to fluid overload. 60 Computerized support systems such as Burn Navigator (Arcos Medical, Houston, TX) can assist the burn surgeon in administering appropriate fluid volume during burn resuscitation and fluid management. 61, 62 Preexisting renal failure makes this end point useless, and the resuscitation of patients in end-stage renal disease is fraught with difficulties and carries a high mortality. 63 Patients developing an AKI as a result of burn shock or toxicological effects (eg, rhabdomyolysis) can achieve a state of hypervolemia without a corresponding increase in urine output. Overly resuscitated patients developing abdominal compartment syndrome will become oliguric, and increased fluid administration will exacerbate their pathology. 64 There are many conditions in which urine output will be persistently elevated despite hypovolemia and even some degree of shock. Diuretic use compromises renal concentrating capacity and will result in excess urine output if there is sufficient blood pressure to drive glomerular filtration. 65 In addition to the many patients who take diuretics as their home medications, burn patients may arrive to burn centers with the diuretic effects of other agents, notably alcohol. There are many incidences where diuretic compounds are administered to the burned patient during resuscitation. High-dose vitamin C administered as an antioxidant, 66 hydroxocobalamin given as a cyanide antidote, 67 mannitol for rhabdomyolysis, and occasionally loop diuretics are all intermittently indicated during burn resuscitation. With any of these agents, urine output can become an unreliable indicator of resuscitation. 68, 69 When urine output is compromised as an end point of resuscitation, other indicators must be repeatedly measured and used to guide fluid management. 70 Laboratory values monitored as secondary end points of burn resuscitation include lactate 71 and base deficit 72 to monitor a building oxygen debt, hemoglobin to monitor hemoconcentration, 73 creatinine to monitor the occurrence of renal failure, and serum myoglobin and creatinine phosphokinase (CPK) to monitor rhabdomyolysis and myoglobinuria. 7, 74 Recent studies examining the predictive values of base deficit and lactate found that a burn patient's initial lactate level was a stronger predictor of outcomes than base deficit, and rapid clearance of lactate is associated with better outcomes. 71, 75, 76 In a largest study investigating lactate levels and outcomes of burn patients, when lactate levels normalized within 24 hours of injury, burn survival reached 68%, whereas lactate levels greater than 2 mmol/L 24 hours after injury are associated with a survival rate of just 32%. 71 Serum creatinine will not accurately depict the degree of kidney injury in burn patients with renal failure. Creatinine can overestimate glomerular filtration rate by 10% to 20%. The rate of change and deviation of serum creatinine may better reflect the changes in the glomerular filtration rate because muscle injury can influence the production and clearance of creatinine as well as lead to increased baseline values of serum creatinine when taken at admission. 77, 78 Early in resuscitation increases in hematocrit or hemoglobin indicate hemoconcentration from a plasma deficit, although hematocrit levels during the latter stages of resuscitation can be lower because of damaged erythrocytes or surgical losses. 73, 79 Hemodynamic monitoring allows for direct measures of intravascular filling and hemodynamic performance. Many of these monitors are continuous, allowing for ongoing assessment of resuscitation status. Monitors of intravascular volume such as CVP, or stroke volume variation, combine with measures of cardiovascular performance such as pulse contour cardiac output, echocardiography, and thermodilution to allow for continuous estimations of intravascular volume and cardiac performance. These data are critical to differentiating between prerenal (eg, inadequate perfusion) and renal (eg, tubular, glomerular, or tubuleinterstitial damage) causes of oliguria. 80 Prerenal AKI nearly always presents with oliguria (<400 mL/d), whereas renal/postrenal AKI can develop regardless of the urine output rate. 77 In the HVEI patient population, developments of renal and cardiac dysfunction are common complications. 81 This cardiac dysfunction and metabolic acidosis may require a minimum of 24 to 48 hours to resolve. 82 Furthermore, respiratory dysfunction negatively affects kidney function, as does diminished cardiac output incited by mechanical ventilation. 83 Monitoring burn resuscitation and fluid management using just urine output and MAP has been demonstrated to be insufficient. 70 Hypovolemia may not be reflected in MAP or urine output measurements but will be discerned by transpulmonary thermodilution (TPTD). 53, 84 Patients with HVEI are monitored for hemodynamic optimization using standard hemodynamic monitoring such as pulse, MAP of >65 mm Hg, 70 and CVP as well as advanced hemodynamic monitoring such as TPTD using the Pulse index Continuous Cardiac Output monitor. Echocardiography, both transthoracic and transesophageal, has been shown to underestimate the cardiac output and hemodynamic status of a burn patient. 85, 86 Transthoracic echocardiography has proven utility at estimating volume status. 85 Transesophageal echocardiography may indicate that a patient is hypovolemic despite a lack of correlation with any other end point of resuscitation, limiting its utility to monitor and guide resuscitation and fluid management. 85, 87 When renal function is compromised by AKI from myoglobinuria or iatrogenically, for instance, by mannitol-induced diuresis, secondary means of measuring fluid management status and preloading other than urine output must be used. Studies have shown that hemodynamic end points and monitoring assist in overcoming a poor or absent response to resuscitation. 53, 84, 88 Therefore, the efficacy of various invasive monitoring techniques remains controversial in burned patients. 81 They should be supplemented with regular monitoring of secondary end points such as base deficit or hemoglobin concentration.
Resuscitation is performed to a primary end point of urine output, with secondary end points of laboratory values (hemoglobin, base deficit, lactate), whereas hemodynamic factors are monitored to assure appropriate intravascular filling and cardiac performance. Each of these values has many flaws. Their interpretation by a skilled burn surgeon is the true practice of burn resuscitation.
Fluid Management of Known Complications of HVEI
Rhabdomyolysis is characterized by the release of intracellular components of myocytes into circulation incited by the breakdown of striated muscle tissue. 89 This syndrome results from the cellular depletion of ATP in the sarcoplasm of injured skeletal muscles, leading to a high concentration of calcium in the sarcoplasm, activating cytolytic enzymes. Electroporation also causes direct cellular lysis. These injuries are compounded by compartment syndromes and eschar compressions causing ischemia. The injuries to the myocyte eventually cause the dispersal of intracellular contents (eg, potassium, CPK, myoglobin, and phosphates) into the circulation. 90 The damage is compounded in trauma-induced rhabdomyolysis wherein neutrophils invade injured skeletal muscle, causing ischemia reperfusion and inflammation resulting in the volume depletion characteristic of burn patients with rhabdomyolysis. 91 The dispersal of large amounts of myoglobin results in the circulation of reactive oxygen species, leading to cellular injury. 92 The level of free myoglobin from the necrosis of at least 100 g of muscle tissue is greater than can be bound by the plasma. Unbound myoglobin can result in renal failure by intrarenal vasoconstriction, direct and ischemic renal tubular injury, or renal tubular obstruction, particularly in acidosis. [92] [93] [94] Patients with rhabdomyolysis typically have reddish-brown or "tea"-colored urine, 95 and a urine dipstick test has a sensitivity of 80% for detecting rhabdomyolysis. 96 Hyperkalemia (serum potassium ≥5.5 mmol/L), hyperuricemia, and hypocalcemia are common complications of rhabdomyolysis. 92 Management of CPK and myoglobin is critical in the prevention of the development of AKI, which occurs in up to 50% of all cases of rhabdomyolysis. 93, 97 Myoglobinuria, which develops secondary to rhabdomyolysis, 92 is characterized by serum myoglobin levels in excess of 1.5 to 3 or 0.02 μg/mL in the urine. 98, 99 Blood in the urine absent of erythrocytes can be diagnostic of myoglobinuria. 90 Foncerrada et al 100 showed that electrically injured patients had more days of myoglobinemia than did other burn patient populations, reflecting the exaggerated ischemia and necrosis characterizing electrical burns.
Should the urine fail to clear within the initial hours of the burn resuscitation, administrations of mannitol, at 25 g every 6 hours for adults, and sodium bicarbonate, at 5% continuous infusion, to alkalinize the urine have both been advocated. 45, 56, 95, 101 In alkalinizing the urine, bicarbonate makes myoglobin more soluble and easier to clear by decreasing the precipitation of myoglobin in urine, inhibiting the redox reaction of myoglobin, and ameliorating renal vasoconstriction induced by the acidic environment. 92 An osmotic diuretic, mannitol scavenges free radicals generated by iron in hemoglobin, increases urine output and thereby flushes leaked intracellular components injuring the kidneys, and generates a gradient to draw out fluid sequestered in damaged muscle tissues. 91, 97, 102 Limited data exist to support the use of mannitol diuresis or the alkalinization of urine with sodium bicarbonate. 57, 95, 103, 104 Diuresis with mannitol comprises the ability of urine output to be used as an end point of resuscitation by decoupling urine output from intravascular volume and global perfusion. Alkalinization with sodium bicarbonate causes a hypercapnia in patients with compromised ventilator function and hypernatremia, each of which can compromise the patient's metabolic status. These adjuncts remain in common practice in the settings of HVEI burn patients complicated by myoglobinuria and rhabdomyolysis, particularly in those with compromised renal function. 95 Should mannitol or bicarbonate be administered, base deficit values can artificially elevate. Lactate levels more accurately reflect the patient's metabolic progress in such a setting. Serum calcium and potassium levels should be monitored to guard against hypocalcemia or hyperkalemia as well as urine pH to monitor for hyperuricemia while bicarbonate and mannitol are administered. Hyperkalemia should be managed with diuresis or dialysis. 91, 97, 105 If urine pH fails to increase within 6 hours or other electrolyte complications develop, bicarbonate should be halted. 92 Loop diuretics such as furosemide can be administered when a patient remains oliguric despite sufficient fluid management to increase urine output and decrease the risk of myoglobin precipitation. 80 They are not as effective at flushing myoglobin from the urine as osmotic diuretics. 95 Sokhal et al 106 found, among their patients who developed AKI, 61% sustained HVEIs, accounting for approximately 37% of their HVEI patient population. The combination of oliguria or anuria with hyaline casts in the urine is indicative of prerenal AKI where epithelial casts suggests acute tubular necrosis and renal/postrenal failure. 107 Patients who are sufficiently fluid replete but have inadequate urine output should be evaluated for continuous renal replacement therapy (CRRT).
In patients with indications of AKI as well as metabolic acidosis or hyperkalemia despite fluid overload, CRRT is indicated. 91, 105 Burn patients requiring dialysis have an associated mortality risk of up to 80%; a minority will require long-term dialysis. 81, 108 The small incidence of dialysis dependence and development of chronic kidney disease may be due to the fact that intensive care unit patients who recover from AKI have a 65% to 75% 5-year mortality rate. 109, 110 Aggressive CRRT in severely burned patients with AKI has been shown to significantly decrease mortality risks. 81, 111 Because of the large size of myoglobin, hemodialysis is unable to efficiently clear myoglobin from circulation. 92 Case reports have shown that continuous venovenous hemofiltration can clear myoglobin with the correct filter and high-flow rate. 112 Monitoring urine appearance, urine myoglobin, serum myoglobin, and CPK are critical components in monitoring for rhabdomyolysis and myoglobinuria for fluid management needs.
Early volume fluid administration and excision of necrotic tissues remain the foundation to treat HVEI victims with myoglobinuria and rhabdomyolysis. Removal of necrotic muscle tissues commonly generated in high-voltage electrical injuries eliminates one potential cause of AKI. 80 Sequestration of water in damaged muscle tissues caused by high-voltage electrical injuries can incite swelling in the fascia of an extremity, compromising perfusion from restricted venous outflow. For these limbs, loss of arterial pulses or compartments that have reached maximum distensibility (30 mm Hg) indicates that escharotomies and fasciotomies are necessary to relieve pressures. 113 Initially, this edema may not be present but may develop as a consequence of burn resuscitation or fluid management. 95 
CONCLUSIONS
The fluid resuscitations and managements of patients with HVEI do not conform to the established TBSA-based resuscitation formulae because TBSA can underestimate the fluid requirements from damaged muscle tissues. Outcomes of morbidity and mortality are improved when resuscitation and fluid management are guided by end points. 114 The current consensus primary end point is urine output, titrated to 75 to 100 mL/h or to 1 mL/kg/h for a burn patient with HVEI. Secondary end points include lactate levels, base deficit, and are augmented by continuous hemodynamic monitoring of MAP and CVP through transthoracic echocardiography and TPTD. Further clinical research is requisite to determine the ideal goals for resuscitation monitoring and titrating.
